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(57) Abstract 

An intravascular device for measuring blood pressure and flow is disclosed, which includes an elongate shaft (301) having a pressure 
transducer, and a flow transducer connected to its distal end. The pressure transducer may be a fenofluid-type pressure transducer, and 
the flow transducer may be an anemometer-type flow transducer. Measurement circuitry is also disclosed which provides a means for 
simultaneous measurement of both blood pressure and blood flow parameters. A sensor (302) shield may be employed to isolate radial 
blood flow which is indicative of turbulent blood flow. An alternative blood flow measurement device is also disclosed which utilizes a 
thin metal film (403) anemometer to measure flow in a vascular lumen. 
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INTRAVASCULAR PRESSURE AND FLOW SENSOR 
Cross-Reference to Related Applications 

This case is a continuation-in-part of commonly assigned U.S. patent 
application Serial No. 08/141,134, filed October 22, 1993, now pending, and 
a continuation-in-part of Serial No. 08/304,565, filed September 12, 1994, 
now pending, which is a continuation-in-part of Serial No* 08/055,702, filed 
April 29, 1993, now issued as U.S. Pat. No. 5,346,508. 

Field of the Invention 

The present invention generally relates to intravascular medical 
devices used to measure blood flow and pressure. More specifically, the 
present invention relates to intravascular diagnostic devices used to 
measure blood flow and blood pressure in the coronary arteries. Those 
skilled in the art will recognize the benefits of applying the present 
invention to similar fields not discussed herein. 

Background of the Invention 

Angioplasty procedures have gained wide acceptance in recent years 
as efficient and effective methods for treating types of vascular disease. In 
particular, angioplasty is widely used for opening stenoses in the coronary 
arteries, although it is also used for the treatment of stenoses in other parts 
of the vascular system. 

The most widely used form of angioplasty makes use of a dilation 
catheter which has an inflatable balloon at its distal end. Inflation of the 
balloon at the site of the occlusion causes a widening of the lumen to 
reestablish an acceptable blood flow through the lumen. 

Often it is desirable to determine the severity of the occlusion in order 
to properly choose a dilation catheter. Various techniques have been used 
to determine the severity of the occlusioa One way of determining the 
severity of the occlusion is to measure pressure both proximal to and distal 
of the stenosis. Devices that are used for this purpose include catheter-like 
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members with some type of pressure-sensing device incorporated therein. 
One known device measures the pressure as a function of the deflection of a 
diaphragm located either the proximal or distal ends of the catheter. 
Positioning the sensing part of the sensing device at the proximal end of the 

5 catheter can introduce measuring inaccuracies due to the catheter length. 
Positioning the sensing part of the sensing device at the distal end of the 
catheter requires a sensing device to be made extremely small. Otherwise, 
the sensing device will impede the blood flow and affect the pressure 
reading. It is desirable to provide a pressure sensor that is compact so that it 

10 can be delivered to narrow sites while having a high degree of accuracy. 

An alternative method of determining the severity of an occlusion is 
to measure blood flow proximal to, across and distal of the stenosis. Several 
techniques are in use to measure the flow of blood within a patient's 
vasculature* Doppler ultrasound and dilution techniques can be used to 

15 study blood flow in vessels. Hot wire anemometry has been proposed to 
measure blood flow as welL 

The measurement of blood flow in a coronary artery is especially 
difficult due to the size and location of the vessel. For example, the 
measurement device must have a very small diameter so that the vessel 

20 under study is not occluded during the measurement. Occlusion will distort 
the flow measurement and can cause ischemia. It is also important that the 
flow measurement device generate a reproducible and accurate measure of 
blood flow as a function of time so that the pulsatile nature of the blood 
flow is revealed. 

25 It would be desirable to make use of both measurement techniques in 

order to provide the treating physician with as much diagnostic information 
as possible. The ideal combined pressure and flow measurement apparatus 
would be accurate, low profile, flexible and have a fast response time. Both 
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the cost and ease of use of the complete system needs to be considered as 
well to produce a commercially successful product. Presently available 
devices are not capable of simultaneously meeting these various 
requirements, 

5 Summary of the Invention 

The present invention satisfies these unmet needs in a unique and 
creative manner. One embodiment of the present invention is an 
intravascular device which measures blood pressure and blood flow. The 
intravascular device includes an elongate shaft with a pressure transducer 

10 and a flow transducer connected to the distal end of the elongate shaft. The 
pressure transducer may include a column of ferrofluid which moves in 
response to changes in intravascular blood pressure. The pressure 
transducer may also include an electrically conductive coil surrounding the 
ferrofluid such that movement of the ferrofluid causes a change in 

!5 inductance in the coil. The coil may be electrically coupled to an external 
measurement circuit which measures inductance of the coil as the ferrofluid 
moves in response to changes in intravascular blood pressure. The coil may 
also be supplied with an electrical current to heat the coil to a temperature 
above body temperature. The measurement circuit may then measure 

20 resistance of the coil as the resistance of the coil changes in response to 

intravascular blood flow. The measurement circuit may measure resistance 
and inductance simultaneously by utilizing such methods as frequency 
separation, phasic separation and computational analysis. 

The present invention may also be described as an intravascular 

25 device for measuring blood pressure and flow where the device includes an 
elongate shaft having a ferrofluid-type pressure transducer and an 
anemometer-type flow transducer connected to the distal end of the 
elongate shaft. 
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Another embodiment of the present invention is a medical device for 
measuring blood flow in a vascular lumen where the device includes an 
elongate shaft with a first electrical path extending along its length The first 
electrical path includes a short interruption near the distal end of the 

5 elongate shaft such that the interruption has a greater resistance per unit 
length than the resistance per unit length of the remainder of the electrical 
path, A second electrical path also extends with the elongate shaft and is 
connected to the first electrical path distal of the interruption. The first 
electrical path may be a thin metal film disposed on a polymer tube. The 

10 second electrical path may be a core wire extending inside the tube. The 

thin metal film may be about 10,000 to 400,000 A thick and the interruption 
may be about 100 to 500 A thick. The interruption may be about 0.02 to 050 
inches wide. The tube may be made of a thin-walled polymer such as 
polyimide and the metal film may be coated on the tube. A portion of the 

1 5 metal film may be either disposed over the entire circumferential surface of 
the tube or over a portion of the circumferential surface of the tube. 

Yet another embodiment of the present invention is a medical device 
for detecting turbulent blood flow, the device including a sensor and a 
sensor shield. The sensor shield surrounds the sensor to eliminate or reject 

20 blood flow which is essentially parallel (laminar flow) to the longitudinal 
axis of the sensor while allowing the radial (turbulent) flow to be detected. 
The sensor shield may comprise a tube having radially spaced holes and a 
proximal end sealed to the proximal end of the sensor. The tube may also 
have a distal end sealed to the distal end of the sensor. 

25 Brief Description of the Drawing s 

Figures 1-8 illustrate a pressure measurement system of the present 
invention. Figures 9-12 illustrate a flow measurement system of the 
present invention. Figures 13-18 illustrate a combined pressure and flow 
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measurement system of the present invention. Figure 19 illustrates an 
alternative blood flow measurement system. 

In particular, Figure 1 illustrates a cross-sectional view of a first 
embodiment of a pressure sensor according to the present invention. 
5 Figure 2 illustrates in schematic the electronics used in conjunction 

with the pressure sensors of the present invention. 

Figure 3 illustrates a schematic of the pressure sensor at an initial 
condition where the sensor is exposed to ambient pressure. 

Figure 4 illustrates a schematic of the pressure sensor exposed to an 
1 0 external pressure. 

Figure 5 illustrates a cross-sectional view of the pressure sensor of 
Figure 1 incorporated into a guide wire. 

Figure 6 illustrates in further detail a portion of the guide wire shown 
in Figure 5. 

15 Figure 7 illustrates a schematic of a pressure sensor according to 

another embodiment of the present invention. 

Figure 8 illustrates a cross-sectional view of the pressure sensor of 
Figure 7 incorporated in a guide wire. 

Figure 9 is a schematic view of the flow measurement system. 
20 Figure 10 is a guide wire incorporating the intravascular flow 

measurement device. 

Figure 11 is a perfusion catheter incorporating the intravascular flow 
measurement device. 

Figure 12 is a schematic diagram of a representative implementation 
25 of the flow measurement system. 

Figure 13 illustrates a side view of a first embodiment of a combined 
pressure and flow sensor according to the present invention. 
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Figure 14 illustrates a break-away view of the distal end of the 
combined pressure and flow measurement system depicted in Figure 13, 

Figure 15 illustrates a second break-away view of the distal end of the 
combined pressure and flow measurement system depicted in Figure 13. 
5 Figure 16 illustrates a block diagram of the frequency separation 

circuitry used to measure blood pressure and blood flow simultaneously. 

Figure 17 illustrates a block diagram of phasic separation circuitry 
used to measure blood pressure and blood flow simultaneously. 

Figure 18 illustrates a block diagram of computational separation 
10 circuitry used to measure blood flow and blood pressure simultaneously. 
Figure 19 illustrates a side cross-sectional view of an alternate 
embodiment of a flow sensor incorporated into a guide wire. 

Detailed Description of the Invention 
The following detailed description should be read with reference to 
15 the drawings in which like elements in different figures are numbered 
identically. 

Specific materials, dimensions and manufacturing processes are 
provided for selected design elements. Those design elements which do not 
have specific materials, dimensions or manufacturing process identified, 

20 employ that which is well known to those skilled in the field of the 

invention. In addition, those skilled in the art will recognize many of the 
materials, dimensions and manufacturing processes identified are 
exemplary, for which suitable alternatives may be utilized. 

Pressure Measurement Embodiment 

25 Refer first to figures 1-8 which illustrate a pressure measurement 

system of the present invention. Figure 1 illustrates a cross-sectional view of 
a first embodiment of a pressure sensor according to the present invention. 
The pressure sensor 10 includes a tubular member 12 having a window or 
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opening 14 cut out of one side. The window 14 exposes the interior 16 of 
the tube to the exterior 18 of the tube. A portion of the interior 16 of the 
tubular member 12 is filled with a ferrofluid column 20 and the remainder is 
filled with air. Each end of the tubular member is sealed with a plug 22 to 
5 create a closed volume within the interior of the tubular member 12. A 
sheath 24 surrounds a portion of the exterior 18 of the tubular member 1Z 
In particular, the sheath 24 completely covers the window 14 formed in the 
tubular member 12. A coil 26 is wound around a portion of the exterior 18 
of the tubular member 12. The coil 26 is located proximal to the sheath 24. 

10 The coil 26 has leads 30 which are used to connect the coil 26 to an electronic 
circuit which will be described in detail with reference to Figure 2. As 
previously described, the ferrofluid column 20 fills a portion of the interior 
of the tubular member 12 and the remainder of the closed volume is filled 
with air, creating an air column 28. 

15 In a preferred embodiment, the various pieces of the sensor 10 are 

formed of the following materials and have the following dimensions. 
Other materials and different dimensions may be used not only in the 
presently-described embodiment, but in all embodiments of the present 
invention. The present invention is not limited to the disclosed materials or 

20 dimensions. The tubular member 12 is formed from a polyimide tube 

having a length of about 0.2 inches, an outer diameter of about 0.0071 inches 
and an inner diameter of about 0.0056 inches. The sheath 24 is formed of 
polyester having a length of about 0,075 inches and a thickness of about 
0.00018 inches. The coil 26 is formed of 50-gauge insulated silver wire 

25 wound in two layers having 80 turns per layer to create a coil length of 

about 0.1 inches. The sensor 10 has a maximum outer diameter located at 
the coil 26 of about 0.011 inches. The plugs 22 are formed of nickel titanium 
(NiTi) and have a diameter of about 0.005 inches which allows the plugs 22 
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to securely seal the ends of the tubular member 12. The ferrofluicl column 
20 occupies a volume of about 4 x 10 6 cubic inches and has a length of 
about 0.15 inches. Ferrofluid, as those skilled in the art know, is a 
suspension of iron filings. Preferably, the ferrofluid 20 used is commercially 

5 available from Ferrofluidics of Nashua, New Hampshire. Preferably, part 
TPG 14 is used because it has a low viscosity and a high magnetic 
permeability. The operation of the sensor will be described after the 
electronics have been described. 

Figure 2 illustrates in schematic the electronics used in conjunction 

10 with the sensors of the present invention. The electronics include a variable 
frequency generator 32 connected to one end of a resistor 34. The other end 
of the resistor 34 is connected to the coil 26 of the sensor 10, represented in 
schematic as a block, via the coil leads 30 and to an input of a gain circuit 36. 
The output of the gain circuit 36 is connected to a high pass filter 38 which is 

15 connected to another gain circuit 40. The output of the gain circuit 40 is 
connected to a peak detector circuit 42. The output of the peak detector 
circuit 42 is connected to an offset circuit 44 and the output of the offset 
circuit 44 is connected to the input of another gain circuit, 46. The output of 
the gain circuit 46 is applied to the input of a low pass filter 48. The output 

20 of the low pass filter 48 is connected to ground through a resistor 50 and a 
potentiometer 52. An output 54 is taken after the resistor 50 but before the 
potentiometer 52 The output 54 is connected to a display device 53. 

In a preferred embodiment, the variable frequency generator 
generates an alternating current signal having a frequency of about 500 

25 kiloHert2 (kHz). The resistor 34 is about 200 Ohm (Q) to 1 kOhm (kfl), the 
resistor 50 is about lOOkQ and the potentiometer has a maximum resistance 
of about lOOkQ. Gain circuit 36 has a gain of about 5, gain circuit 40 has a 
gain of about 25 and gain circuit 46 has a gain of about 100. The high pass 
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filter 38 has a comer frequency of about 100 kHz and the low pass filter has 
a comer frequency of about 200 Hertz (Hz). The display device 53 can be in 
the form of an oscilloscope, voltmeter, graphics display, chart recorder or 
any other type of display or peripheral device that would be helpful to the 
5 user of the sensor. The voltage measured across the coil of the sensor is thus 
converted by the circuitry of Figure 2 to provide a pressure measurement. 
The components forming the electronics of the present invention are formed 
from conventional devices well known to those skilled in the art and thus 
need not be described in greater detail. Of course, the electronics shown in 

10 Figure 2 would be contained in a suitable housing. 

The principle of operation of the pressure sensor of Figure 1 in 
combination with the electronics of Figure 2 will now be described. 
Thereafter, other embodiments of the pressure sensor will be described with 
reference to Figures 5-8. Figure 3 illustrates a schematic of the pressure 

15 sensor at an initial condition where the sensor is exposed to ambient 

pressure P 0 . While the window 14 of the sensor has not been illustrated, 
exerted pressure P 0 is shown acting on the pressure sensor where the 
window would be located. The proximal interior of the sensor is filled with 
a column of air 28, having length L, and a cross section A. The air column 

20 28 is at ambient pressure P 0 . The remaining distal portion of the sensor is 
filled with the ferrofluid column 20 having a permeability of \l The coil 26 
has a length I comprised of N turns. The coil is positioned so that a distal 
length x surrounds the ferrofluid column 20, Initially, the inductance in the 
coil Iq is described by equation (1); 

25 

4=[ioMN2(Ax/0, (1) 
where j^is the permeability of free space. 

-9- 
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The pressure P 0 in the air column is described by the gas law 



equation (2); 



P 0 = CT/V = CT/AL, 



(2) 



5 



where V is the volume of the air column 28, C is a constant and T is 
temperature in degrees Kelvin. 

When an external pressure, P 0 + AP, is exerted at the window of the 
sensor 10, the ferrofluid column 20 is displaced a distance AL in the 

10 proximal direction. Figure 4 illustrates a schematic of the pressure sensor 
exposed to such an external pressure. The displacement of the ferrofluid 
column causes an equal displacement of the air column 28 thereby 
increasing the pressure of the air column 28. The window material is chosen 
so that force exerted on the ferrofluid column by the compressed air column 

15 is much larger and dominates the elastic restoring force of the window. 

From equation (2), increased pressure P x of the air column 28 is described by 
equation (3). 



By making the approximation that the ratio of AL to L is much less 
than 1 (Le. AL/L « 1), equation (3) can be reduced to equation (4). 



P, = CT/(A(L-AL)) 



(3) 



20 



P] = p o + Po (AL/L) = P 0 + AP 



(4) 



25 



From equation (4) it is apparent that the ratio of AL to L is 
approximately the same as the ratio of AP to P 0 (i.e. AL/L = AP/P 0 ). 
Inductance in the coil is described by equation (6); 
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I = M#NW0 (Z/0, (6) 

where Z equals the length of ferrofluid column surrounded by the coil 
5 With reference to Figure 4, Z equals x + AL and the inductance of the coil is 
described by equation (7). 

I = Ho^iNWO ((x +AD/0 (7) 
10 Using equation (1), equation (7) can be reduced to equation (8). 

i = 4+ 4(AL/0 = io + 4(L/0 (AP/P 0 ) (8) 

The voltage across the coil 26 for a constant drive current I is 
15 measured by the electronics of Figure 2. For a constant current I applied to 
the coil, the voltage across the coil is described by equation (9). 



20 where co is equal to 2k x the frequency of the signal applied by generator 32 
of Figure 2, R is the resistance of the coil and £ is the inductance of the coil. 
Thus the voltage is dependent upon both the resistance of the coil and its 
inductance. 

Substituting equation (8), equation (9) is described by equation (10). 

25 



V = ljR 2 +Q) z lK (\ + (co 2 £ l *f(R 2 + co 2 £ : *))( LI t)< A/>/ Po)) (10) 

Eliminating the offset represented by the term 

-li- 
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the change in voltage, AV, is described by equation (11). 

5 

A V = ((ICO l l hi ^fF 1 T(0 T ^~)(L/ l)(AP/Po)) (11) 

From equation (11) it can be seen that the change in voltage, AV, is 
linearly proportional to the change in pressure AP. In summary, an 

10 alternating current is passed through the coil of the sensor and the voltage 
across the coil is monitored. Physiologic pressure variations result in 
proportional variations in the position of the ferrofluid column relative to 
the coil. This results in proportional changes in the coil voltage due to the 
change in the coil's inductance caused by the movement of the ferrofluid 

15 column. 

Changes in temperature, otherwise known as temperature drift, affect 
both the resistance and inductance of the coil and thus affect the measured 
voltage across the coiL To compensate for the effects of temperature drift, 
the following adjustments are made which virtually eliminate the effects of 
20 temperature drift on the voltage measured across the coil. It has been found 
that the effects of temperature change on the resistance and the inductance 
of the coil are opposite. That is to say, as one increases the other decreases 
and vice versa. The effect of temperature change is described by equation 
(12). 

25 

dV/dT = I((dV/dR) (dR/dT) + (dV/ctf) (di/dT)) . (12) 



Using equation (9), equation (12) is expanded to equation (13), 

30 dV/dT = ( IR/V/? : +tt \> 2 (dR/dT) 

+ {(la) 2 l I ylR z + co : > : ) (<U/dJ) (13) 

-12- 
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5 



10 



15 



Because the coil is preferably formed of a silver wire, the term dR/dT 
is a positive constant. In addition, using equation (6), the term di/dT can 
be described by equation (14): 

di/dT = 4, (1/x) (dx/dT) = ^ (1/x) (dL/dT) (14) 

Using the gas law of equation (2), equation (14) is further reduced to 
equ&tion (15). 

di/dT = (-VT)(L/x) 
(15) 

Using equation (15), equation (13) is reduced to equation (16). 
dV/dT = (IR/ylR^coU 2 ) UdR/dT) -(<o 2 £ 2 /R) (L/x) (1/T)] (16) 



The frequency, co, of generator 32 is adjusted to yield a zero drift (Le v 
dV/dT = 0), or stated differently dR/dT = ((c^)V(RT)) (L/x) or (coi/R) 2 = 
20 (x/L) (T/R) (dR/dT). 

For silver, the term (1/R) (dR/dT) is equal to about .0038/°K, body 
temperature is about 310°K and x/L is approximately 0.5. Thus co£/R is 
equal to about 0.8. In a preferred embodiment, R is about 6fi and I is about 
1.5 pH. Since co = 2rrf where f is frequency in Hertz, we find f is about equal 
25 to 510 kHz which is close to the experimentally found frequency at which 
the sensor thermal drift is equal to zero. 

In summary, R increases with an increase in temperature while L 
decreases with an increase in temperature because as the temperature 

increases, air column 28 expands and pushes the ferrofluid column distally 

-13- 
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out from under the coil 26. The impedance of the coil is resistive at low 
frequencies and inductive at high frequencies. Thus a frequency exists for 
which the resistive and inductive thermal drifts cancel to zero. 

Figure 5 illustrates a cross-sectional view of the pressure sensor of 

5 Figure 1 incorporated in a guide wire 60. According to this embodiment, 
the guide wire 60 includes a core wire 62, a spring tip 64 having an 
extension member 74, a first sheath 66, a first tubular member 68, a second 
tubular member 70, a second sheath 72, a third sheath 82 and a coil 84. The 
pressure sensor 10 is located between the distal end of the core wire 62 and 

10 the proximal end of the extension member 74. In a preferred embodiment, 
neither the distal end of the core wire 62 nor the proximal end of the 
extension member 74 are physically joined to the sensor 10. 

Surrounding and in contact with approximately the entire length of 
the core wire 62 is the first sheath 66. Surrounding and in contact with the 

15 extension member 74 is the third sheath 82. Surrounding a proximal portion 
of the core wire 62 and the first sheath 66 is the first tube 68. The proximal 
end of the second tube 70 is bonded to the distal end of the first tube 68 so 
that the second tube 70 surrounds the distal portion of the core wire 62, 
sensor 10, coil 84 and extension member 74. The second tubular member 70 

20 has a window or opening 76 cut out on one side to expose the sensor 10 as 
will be described in detail hereinafter. The spring tip 64 is located distal to 
the distal end of the second tubular member 70. Surrounding and in contact 
with most of the first and second tubular members, 68 and 70, is the second 
sheath 72. Preferably, the second sheath terminates at the window 76 

25 formed in the second tubular member 70. 

The coil 84 surrounds the sensor and a portion of the first sheath 66 
and the third sheath 82. A more detailed illustration of this section of the 
guide wire is shown in Figure 6 and will be described hereinafter. 

-14- 
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The proximal end of the spring tip 64 is bonded to extension member 
74 preferably by soldering. One lead 30 of the coil 26 is soldered to the core 
member 62 at 67. The second lead 30 is wrapped around the exterior of the 
first sheath 66 and is soldered at 69 to the distal end of the first tubular 

5 member 68. 

At the proximal end of the first tubular member is an insulating 
spacer 78 bonded to the proximal end of the first tubular member 68 and the 
first sheath 66. Proximal to the insulating spacer 78 is a third tubular 
member 80. The third tubular member 80 is connected to the proximal 

10 portion of the core wire 62 preferably by a conductive epoxy. 

In a preferred embodiment, the various components of guide wire 60 
are formed from the following materials and have the following dimensions. 
Core wire 62 is formed from a gold plated stainless steel wire having a 
length of about 66 inches and a diameter of about 0.008 inches. The first 

15 sheath 66 is formed from an insulating material, preferably poiyimide or 
polyester and has a length of about 65 inches. First tubular member 68 is 
formed of gold plated stainless steel tubing having a length of about 59 
inches, an inner diameter of about 0.012 inches and an outer diameter of 
about 0.017 inches. The second tubular member 70 is formed from polyester 

20 or a blend of nylon and polyether or polyether block amide, commercially 
available under the tradename PEBAX from Autochem of Birdsboro, 
Pennsylvania. The second sheath 72 may be formed of polyester or 
alternatively, TEFLON may be coated over the first and second tubular 
members 68 and 70. The third tubular member 80 is formed by a gold 

25 plated stainless steel tube and has a length of about 1,0 inches, an inner 

diameter of about 0.012 inches and an outer diameter of about 0.017 inches. 

As previously described, the leads 30 of sensor coil 26 are soldered to 
the core member 62 at 67 and first tubular member 68 at 69. Because the 
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core member 62 and the first tubular member 68 are formed of gold plated 
stainless steel, they act as conductors which extend the leads to the proximal 
end of the guide wire. The proximal end of the first tubular member 68 and 
the third tubular member 80, separated from the first tubular member 68 by 

5 insulating spacer 78, are then used as contact points. A connector (not 

shown) is attached to the proximal end of the guide wire and the connector 
makes contact with the third tubular member 80 and the proximal end of 
the first tubular member 68. The connector connects the guide wire to the 
electronics of Figure 2. Alternatively, the leads 30 may be extended the 

10 length of the guide wire to the guide wire's proximal end by any of the 
techniques described in US. Serial No. 08/055,702, filed April 29, 1993 
entitled "Apparatus and Method For Performing Diagnostics and 
Intravascular Therapies" and U.S. Serial No. 07/969,743, filed October 30, 
1992 entitled "Vibration Sensing Guidewire/* the entire disclosures of which 

15 are hereby specifically incorporated by reference. 

Delivery of a guide wire to the site of an occlusion is well known by 
those skilled in the art and thus need not be described in detail. The guide 
wire 60 of Figure 5 is delivered so that the window 76 formed in the second 
tubular member 70 is positioned proximal to the occlusion to expose the 

20 sensor 10 to the pressure existing in the vessel or artery at that location. The 
guide wire 60 is then moved to a location distal to the occlusion to measure 
the pressure at that location. 

Figure 6 illustrates in further detail a portion of the pressure sensor of 
Figure 5. The third sheath 82 surrounds and contacts a portion of the sensor 

25 10 distal to the sensor's window 14 and most of the extension member 74. 

Coil 84 surrounds the sensor 10 and extends both proximally and distally of 
the sensor to surround a portion of the first sheath 66 and a portion of the 
third sheath 82. In a preferred embodiment, the third sheath 82 is formed of 
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polyimide and has a length of about 05 inches, an inner diameter of about 
0.008 inches and an outer diameter of about 0.010 inches. Coil 84 is formed 
of stainless steel wire having a diameter of about 0.002 inches and the coil 84 
has a length of about 1.0 inches formed by 200 turns. 
5 The coil 84 is provided for support over the sensor 10 to reduce forces 

that may be applied to the sensor 10 as the guide wire 80 is being delivered 
intravascularly. 

Figure 7 illustrates a schematic of a pressure sensor 100 according to 
another embodiment of the present invention. The pressure sensor 100 

10 includes a tubular member 102, a sensor coil 104 and a plug 106. The plug 
106 is inserted into the proximal end of the tubular member 102 to securely 
seal that proximal end. A distal portion of the interior of the tubular 
member 102 is filled with a ferrofluid column 108 while the proximal 
portion of the interior of the tubular member 102 is filled with air creating 

15 an air column 110. Unlike the sensor of Figure 1, a window is not provided 
in the side of the tubular member 102 but rather the window 111 is formed 
by leaving the distal end of the tubular member 102 open. Tubular member 
102 is preferably a metalized polyimide tube available form HV 
Technologies, Inc. located in Trenton, Georgia. 

20 As stated previously, the preferred ferrofluid is commercially 

available from Ferrofluidics of Nashua, New Hampshire. Preferably, part 
IPG 14 is used because it has a low viscosity and a high magnetic 
permeability. TPG 14 is non-toxic and nonvolatile. Other suitable 
ferrofluids may be employed such as part EMG 905 commercially available 

25 from Ferrofluidics of Nashua, New Hampshire. EMG 905 has a low 
viscosity and a high magnetic permeability but is volatile. 

If a volatile ferrofluid is used, it may be necessary to use a non- 
volatile fluid 112 to act as a plug similar to the plug 106 at the proximal end 
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of the sensor to prevent the evaporation of the ferrofluid when the sensor is 
not in use. The non-volatile fluid 112 fills the distal most portion of the 
interior of the tubular member between the ferrofluid column 108 and the 
window 111 formed by the open distal end of the tubular member. In a 
5 preferred embodiment, the non-volatile fluid used is dioctylphthalate 

available from the Aldrich Chemical Company of Milwaukee, Wisconsin. 
Apart from the described differences in construction, the pressure sensor 
100 operates in a similar manner as previously described with reference to 
the other sensors. 

10 Figure 8 illustrates a cross-sectional view of the sensor of Figure 7 

incorporated in a guide wire 120. The guide wire 120 includes a core wire 
122, a spring tip 124, a sleeve 126, a first tubular member 128 and a second 
tubular member 130. The second tubular member has a window or opening 
132 cut out on one side. In a preferred embodiment, the materials and 

15 dimensions of the various components forming the guide wire 120 are as 
follows. The core wire 122 is formed of a gold plated stainless steel core 
wire and has a diameter of about 0.007 inches and a length of about 66 
inches. The sleeve 126 is formed of an insulating material, preferably 
polyimide, and has a length of about 65 inches. The first tubular member is 

20 formed of a plastic and has a length of about 6 inches, an inner diameter of 
about 0.008 inches and an outer diameter of about 0.017 inches. The second 
tubular member 130 is formed of stainless steel and has a length of about 1.0 
inches, and inner diameter of about 0.012 inches and an outer diameter of 
about 0.017 inches. 

25 The proximal end of the sensor 100 and the distal end of the core wire 

122 are brought in close proximity but preferably are not connected or 
coupled to one another. The sleeve 126 surrounds and contacts the exterior 
surface of the core wire 122. The first tubular member 128 surrounds but 
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does not contact a proximal portion of the core wire 122 and sleeve member 
126. The second tubular member 130 surrounds the distal portion of the 
core wire 122 and sleeve 126, the pressure sensor 100 and the extension 
member 134 of the spring tip 124. An adhesive bonds the extension member 

5 134 of the spring tip 124 in the distal end of the second tubular member 130 
so that the coils of the spring tip 124 extend distally from the distal end of 
the second tubular member 130. A close tolerance fit exists between the 
exterior of the sensor 100 and the interior of the second tubular member 130 
so that the second tubular member 130 keeps the sensor 100 in position. 

10 Because the sensor is not coupled or connected to any other elements of the 
guide wire 120, the forces exerted on it are lessened as the guide wire is 
delivered to the site of the occlusion. 

The leads 105 of the coil 104 are connected to the core wire 122 and 
first tubular member 128 as was previously described with reference to 

15 FigureS. 

The guide wire 120 is delivered to the occlusion so that the window 
132 formed in the second tubular member 130 exposes the sensor 100 to the 
pressure existing in the vessel or artery proximal to the occlusion and then 
the guide wire is moved to position the window at a location distal to the 

20 occlusion to measure the pressure at that location. 

In another embodiment of the present invention, the non-volatile 
liquid interface 112 of Figure 7 may be replaced with a water soluble 
polymer such as polyehthleneoxide available from the Aldrich Chemical 
Company of Milwaukee, Wisconsin. The water soluble polymer hardens 

25 when it is placed in the tubular member of the sensor and thus forms an 

interface between the ferrofluid and the environment in which the sensor is 
placed thus preventing evaporation of the ferrofluid. When used in a 
patient, the water soluble polymer dissolves and the sensor becomes 
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functional. As an alternative, it would also be preferable to use a ferrofluid 
which is non-volatile and non-toxic which would obviate the need for the 
non-volatile or water soluble plugs. 

While the sensor has been illustrated as incorporated into guide 
wires, the pressure sensors 10 and 100 of Figures 1 and 7 respectively, may 
be incorporated into other devices and the present invention is not limited 
to the devices illustrated. 

Flow Measurement Embodiment 

Refer now to Figures 9 - 12 which illustrate a flow measurement 
system of the present invention. Figure 9 shows an intravascular flow 
measurement system 216. The intravascular flow measurement device 210 
is positioned in a coronary artery in the patients body. The intravascular 
flow measurement device 210 has a distal end 229 and a proximal end 233. 
The intravascular flow measurement device 210 is located within a sheath 
234 which has a distal end 235 and a proximal end 237. An appropriate 
cable 212 is used to couple the sensor coil 230 of the intravascular flow 
measurement device 210 to a calibration and display system 217. The 
calibration and display system 217 includes an electronic circuit 213 which is 
coupled to an output terminal 219 and a data display 218. 

In this specific flow measurement situation, the physician has passed 
the intravascular flow measurement device 210 through the guide catheter 
or sheath 234 to the desired anatomic site. Next, the physician will 
manipulate the proximal end 233 of the intravascular flow measurement 
device 210 to position both the sheath 234 and the sensor coil 230 with 
respect to the blood flow at the selected site. In use, the physician will 
manipulate the measurement device 210, the sheath 234 and several controls 
on the calibration display system 217. Typically, a physician will observe 
the pulsatile blood flow on a laboratory monitor connected to output 
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terminal 219 and observe average flow data on an appropriate data display 
218 which is integrated into the calibration and display system 217. 

Figure 10 shows an intravascular flow measurement device 210 
incorporated into the distal end 229 of the guide wire 214, The guide wire 

5 214 includes a wire core 220 which terminates in a distal tip 222. A spring 
coil 224 surrounds the wire core 220 and is attached to both the distal tip 222 
and to an anchor ring 226. The guide wire core 220 may be made of any 
appropriate material such as stainless steel. However, to reduce the 
resistance of the electrical connections to the sensor coil 230, it is desirable to 

10 plate the wire core 220 with gold or silver to electrically couple the sensor 
coil 230. The sensor coil 230 is mounted on an insulating spacer 228 which 
thermally and electrically isolates the sensor coil 230 from the wire core 220. 
The sensor coil 230 is preferably wound as a bif ilar helix around the 
insulating spacer 228. One lead 221 of the sensor coil 230 is electrically 

15 connected to the plated surface of the wire core 220 while the other lead 223 
extends from the proximal end of the guide wire 214. These two leads are 
connected via an appropriate cable 212 to the calibration and display system 
217. A hydrophilic slip coat or silicone slip coat 225 is applied onto the 
exterior of the guide wire to facilitate use of the wire. Coatings of this type 

20 prevent blood from coagulating on the sensor coil 230. These coatings are 
also an aid to repositioning the measurement device 210 both within the 
lumen 227 on the sheath 234 and within the vasculature. 

In the Figure, the sensor 230 is shown proximate the distal end 232 of 
a guide catheter or therapy selection sheath 234. In use, the physician 

25 retracts a sensor coil 230 a short distance into the lumen 227 of the sheath 
234. Temperature and quiescent current measurements are made at this 
calibration site. Next, the sensor coil 230 is advanced out of the sheath 234 
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to a measurement site where it is exposed to blood flow and the dynamic 
flow measurements are made. 

Figure 11 shows an intravascular flow measurement device 210 
incorporated into a perfusion catheter 215. This particular perfusion 

5 catheter 215 includes a balloon 236. The perfusion catheter body 239 is 

generally circular in cross-section with several lumens. The balloon 236 can 
be inflated by injecting fluid into an inflation lumen 238. After inflation, the 
patient's blood vessel is perfused by the blood flowing through the main 
lumen 240 of the perfusion catheter 215. Blood enters the main lumen 240 

10 through an inlet aperture 242 and then exits through apertures in the distal 
tip 241 of the perfusion catheter 215. A sensor coil 231 is located on the 
interior wall of the main lumen 240. Consequently, the blood flowing 
through the main lumen 240 contacts the sensor coil 231 and can be 
measured with the sensor coil 231. Sensor coil 231 is electrically connected 

15 to the calibration and display system 217 through a suitable set of wires 

shown as cable 243. To calibrate this sensor coil 231, the perfusion catheter 
215 is introduced through a sheath or the like and the static temperature 
and the quiescent current I 0 measurements are made before the balloon 236 
is deployed and inflated. Since the diameter of the central lumen 240 is 

20 known, the blood flow velocity measurement can be used to measure the 
mass flow rate of blood in the artery which may prove desirable in many 
clinical settings. 

It is also contemplated that the flow sensor may be incorporated into 
a tube mounted on the end of a mandrel. The tube would have a short 
25 length to allow for rapid exchange and would have an inside diameter 

sufficiently large to pass over a guide wire or another intravascular device. 
The mandrel would be sufficiently long to manipulate the tube in-vivo 
while the mandrel remains in-vitro. 
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In either form of intravascular flow velocity measurement device, the 
dynamic measurements are made by heating the sensor coil above the 
ambient blood temperature and monitoring the current draw of the sensor 
coil 230. Suitable computation and control measurements are made and the 

5 resulting instantaneous flow velocity is available as a numeric value on a 
suitable data display 218 or available through an output terminal 219 to a 
suitable real time analog display (not shown). 

Figure 12 shows an illustrative circuit for carrying out a flow velocity 
measurement with the intravascular flow velocity measurement device 210 

10 shown in either Figure 10 or Figure 11. It should be appreciated that the 
intravascular flow velocity measurement system 216 can be positioned in a 
number of ways and the exemplary system described herein can be 
modified in various ways without departing from the scope of the 
invention. One exemplary partitioning of functions would rely on digital 

15 devices to perform the calculation function shown in block 246. A brief 

description of the flow measurement process facilitates an understanding of 
this block schematic diagram. 

In general, the flow velocity measurement is derived from a 
measurement of the current required to maintain the temperature of the 

20 sensor coil above the ambient temperature at the measurement site. 

Expressed as an equation, the velocity V is given by v = (c(I-Io ) A 4), where 
T is the measured current required to elevate the temperature of the sensor 
coil 230 in the presence of blood flow. The value of the quiescent current to 
maintain the temperature elevation in the no flow condition is represented 

25 by'V. 

The conversion constant "c" appears to depend strongly on the 
physical characteristics of the sensor coil 230 and the related insulating 
spacer 228 and device structure. Conventional manufacturing techniques 
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are sufficient to produce intravascular measurement devices 210 with 
similar values of the constant V. It is not expected that the calibration and 
display system 217 will have to accommodate devices with widely varying 
values of V. The constant V also varies with the thermal properties of the 
5 fluid. Testing has shown that V does not vary appreciably with hematocrit 
in mammalian blood. 

The set of calibration measurements includes measurement of 
ambient temperature at or near the flow measurement site in still blood at a 
so-called calibration site. In the present system, the sensor coil 230 is 

10 interrogated with a small current to determine the resistance of the sensor 
coil The sensor coil is coupled to the calibration and display system via 
sensor coil leads 221 and 223 which have a characteristic resistance. In 
general it is desirable to minimize the lead resistance. The preferred sensor 
coil material is selected based upon the lead resistance with silver, platinum 

15 and nickel iron alloy being useful, depending on the lead resistance. Each of 
these sensor coil materials exhibits a resistance that is a linear function of 
temperature. The current level and duration of the interrogation pulses 
does not materially raise the temperature of the sensor coil. This 
measurement may be made with an AC current or a DC current, 

20 The measured blood temperature is used as a base for temperature 

difference set point. The preferred temperature difference is 5 degrees or 
less. This temperature differential can be adjusted by the physician if 
desired. A feedback system drives the sensor coil to the desired 
temperature and maintains it at that temperature. Although both linear and 

25 non-linear feedback can be used, the preferred feedback scheme is non- 
linear. It is desirable to rapidly approach the set point temperature to 
maintain high dynamic range but it is also important not to overshoot the 
target temperature and potentially injure the blood. It is undesirable to 

-24- 



SUBSTITUTE SHEET (RULE 26) 



WO 97/09926 



PCT/US96/13406 



overheat the sensor coil 230 in the vessel and yet flow-induced cooling must 
be quickly overcome to make pulsatile measurements. 

Turning to the schematic diagram of Figure 12, an exemplary 
calibration and display system 217 is shown in block form. In the 
5 measurement mode, the oscillator 250 generates pulses which are used by 
current driver 252 to drive current through the sensor coil 230 or sensor coil 
231. The current through the sensor coil and the voltage across the sensor 
coil are available in analog form through operational amplifiers 244 and 246. 
A divider 248 forms the quotient of the two values generating a coil 
10 resistance measurement. The subtractor circuits 260 and feedback circuit 

262 together alter the pulse width and duty cycle of the oscillator 250. Thus, 
in operation, the duty cycle of the oscillator 250 reflects the current draw of 
the coil required to maintain the constant temperature differential. The 
instantaneous current through the sensor coil 230 is related to the flow 
15 velocity. In practice, the displayed flow value at data display 218 is 

instantaneous coil current T raised to the fourth power as represented by 
blocks 246 and 247. This value is proportional to the flow velocity and it is 
delivered to the output terminal 219. This sharp dependence of flow 
measurement on measured current makes the in situ calibration important, 
20 especially for quantitative measurements. 

In the calibration mode, the sensor coil is withdrawn into a sheath to 
the calibration position for a static blood temperature measurement. Switch 
268 is used to couple the low current source 270 through the sensor coil 230. 
This current driver is set to deliver low current pulses to interrogate the 
25 sensor coil to determine body temperature at the calibration site. Although 
switch 268 may be used to select a separate low duty cycle current source 
270 to generate the required interrogation current, other current sources 
may be substituted. The coil resistant measurement during the calibration 
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process is monitored and used to set the value of resistor divider 264. This 
potentiometer sets the target temperature of the dynamic measurement. 
During the dynamic measurement mode, the current driver 252 is enabled 
to produce higher current pulses to drive the coil 230 to a higher set point 
5 temperature 

Having thus described the intravascular flow measurement system 
216 and the method for using it, it should be apparent that many changes 
can be made to the system without departing from the scope of the 
invention. 

10 Combined Pressure and Flow Measurement Embodiment 

Refer now to Figures 13-18 which illustrate a combined pressure and 
flow measurement system of the present invention. With reference to 
Figure 13, a combined pressure and flow measurement system is shown in 
the form of a guide wire 300. Those skilled in the art will recognize that the 

15 combined pressure and flow measurement system may be incorporated into 
other intravascular devices such as a balloon dilation catheter, a guide 
catheter or an introducer sheath. The combined pressure and flow 
measurement guide wire 300 includes a shaft 301 with a transducer 302 
connected adjacent its distal end. A spring tip 303 is connected to the distal 

20 extremity of the shaft 301 and facilitates atraumatic navigation of the guide 
wire 300 through the vascular system. 

The transducer 302 includes a sensor coil 304 having leads 305A and 
305B. Coil lead 305B is connected to main hypotube 309 by means which 
will be described in more detail with reference to Figures 13 and 14. Coil 

25 lead 305A is electrically connected to proximal hypotube 310 via core wire 
319 which is soldered to the proximal hypotube 310 at solder joint 312. 
Main hypotube 309 is electrically insulated from proximal hypotube 310 by 
a tubular spacer 311. The proximal portion of the main hypotube 309 and 
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the proximal hypotube 310 serve as electrical contacts to a connector (not 
shown). 

The transducer assembly 302 includes sensor coil 304 which 
surrounds sensor tube 313 which in turn contains a column of ferrofluid 

5 substantially as described with reference to Figures 7-8, Spring tip 

connector tube 314 facilitates connection of the transducer assembly 302 to 
the spring tip assembly 303. Spring tip connector tube 314 also includes a 
series of pressure inlet holes 306 which provide for fluid communication 
between the interior of the sensor tube 313 and the vascular lumen. 

10 The proximal end of the spring tip coil 317 is connected to the distal 

end of the spring tip connector tube 314. The distal end of the spring tip coil 
317 is connected to the distal end of the safety wire 307 to form a atraumatic 
tip 318. 

Refer now to Figures 14 and 15 which show in greater detail the 
15 distal assembly of the combined pressure and flow measurement guide wire 
300. In particular, Figure 14 shows the distal assembly with cover tube 308 
removed. Figure 15 shows the distal subassembly of the transducer 302. 

Referring to Figure 15, coil 304 is wound around sensor tube 313 and 
safety wire insulator 315. Sensor tube 313 contains a column of ferrofluid 
20 (not shown) which is longitudinally moveable therein. The proximal end of 
the sensor tube 313 is plugged with sensor tube seal 316. Blood pressure 
within the vascular lumen communicates with the interior of the sensor tube 
313 by way of pressure inlet holes 306 in spring tip connector tube 314* 
Spring tip connector tube 314 is sealingly secured to sensor tube 313 and 
25 safety wire insulator 315. 

Referring now to Figure 14, sensor coil 305 includes leads 305A and 
305B. Lead 305 A is electrically connected to the core wire 319 at solder joint 
322. Coil lead 305B is electrically connected to a ribbon lead 320 at solder 
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joint 323. The core wire 319 is electrically insulated from the ribbon lead 320 
by insulator layer 321. The ribbon lead 320 is electrically connected to the 
main hypotube 309 at solder joint 324. Core wire 319 extends proximally 
and is electrically connected to proximal hypotube 310 at solder joint 312 (as 

5 best seen in Figure 13). 

Coil 304 may be made from No. 50 AWG silver/ML wire with two 
layers of 250 turns each. Sensor tube 313 may be made of metalized 
polyimide with an inside diameter of approximately 0.005 inches and an 
outside diameter of about 0.0065 inches. The sensor tube 313 may be 

10 metalized with a thin film of gold, silver, aluminum, or other metal to 

prevent air permeation through the polyimide. Sensor tube 313 may have a 
length of approximately 0.60 inches with the sensor coil 304 positioned 
approximately in the middle of the sensor tube 313. Sensor tube seal 316 
may be made of a non-magnetic material such as a Nitinol with a length of 

15 approximately 0*10 inches and an outside diameter sufficient to securely 
connect and seal to the proximal end of the sensor tube 313. 

Safety wire insulator 315 may be made of polyimide with an inside 
diameter of approximately 0.0025 inches and an outside diameter of 
approximately 0.0031 inches. The safety wire insulator 315 may have a 

20 length of approximately 1 .0 inches. 

Spring tip connector tube 314 may be made of polyimide with an 
inside diameter of approximately 0.010 inches and outside diameter of 
approximately 0.12 inches. Spring tip connector tube 314 may have a length 
of approximately inches with a series of pressure inlet holes 306 

25 drilled through the wall of the tube. Approximately 3 to 10 pressure inlet 
holes 306 may be utilized with a diameter ranging from 0.004 to 0.008 
inches. 
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All non-electrical connections involving polymer tubes may be made 
using a suitable medical grade adhesive such as cyanoacrylate. 

The distal end of the safety ribbon 307 may be soldered or welded to 
the distal end of the spring tip coil 317 to form an atraumatic tip 318. Spring 
5 tip 303 may have a length of about 1.0 inches with an outside diameter of 
approximately 0.014 inches. Spring tip coil 317 may be made of any suitable 
radiopaque metal such as a platinum-iridium alloy. The proximal end of 
the spring tip 303 may be adhesively secured to the spring tip connector 
tube 314 by a suitable medical grade adhesive. Core wire 319 may be made 
10 of stainless steel with diameters ranging from about 0.008 inches proximally 
to about 0.005 inches distally where the core wire 319 is formed into a safety 
wire 307 with a diameter of 0.002 inches. 

Sensor 302 is preferably coated with a hydrophilic copolymer (HPC) 
to prevent the coagulation and accumulation of blood thereon. The 
15 remainder of the guide wire 300 may be coated with a lubricious material 
such as HPC or TEFLON to reduce friction and enhance intravascular 
manipulation. 

All electrical connections may be made using a suitable soldering 
material such as a tin-lead or silver solder. Ribbon lead 320 is preferably 

20 made of silver with a width of about 0.003 to 0.006 inches and a thickness of 
about 0.001 inches. Hypotube 309 may be made of 440 stainless steel with a 
length of approximately 5 feet and outside diameter of approximately 0.014 
inches and an inside diameter of approximately 0.011 inches. 

Insulating layer 321 may be made of a suitable material such as 

25 polyimide with an inside diameter conforming to the outside diameter of 

the core wire 319 and a wall thickness of about 0.0005 inches. Core wire 319 
and insulating layer 321 extend proximally through hypotube 309, 
insulating spacer 311 and proximal hypotube 310 where the core wire 319 is 
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soldered to the proximal hypotube 310 by solder joint 312. Proximal 
hypotube 310 may have a length of approximately 0.65 inches with the same 
outside diameter and inside diameter as hypotube 309. Insulator 311 may 
be made of polyimide with an outside diameter of 0.014 inches, an inner 

5 diameter of about 0.010 inches, and a length of about 0.05 inches. Cover 
tube 308 may be made of polyimide with an inside diameter of about 0.012 
inches, an outside diameter of 0.014 inches, and a length of approximately 
10 to 15 inches. 

The overall diameter of the combined pressure and flow 

10 measurement guide wire 300 is approximately 0.014 inches to correspond to 
the diameter of conventional coronary guide wires. 

The combined pressure and flow measurement guide wire 300 may 
be used in substantially the same way as the pressure measurement system 
(Figures 1-8) and the flow measurement system (Figures 9-12) with the 

15 following modifications. Recall that the blood pressure and blood flow 
velocity may be calculated from the inductance and resistance of the coil 
304. Pressure is linearly proportional to inductance (I) and flow velocity is 
linearly proportional to (I-I 0 ) 4 where I is equal to the current required to 
maintain the resistance (R) of the coil 304 constant and I 0 is equal to the 

20 calibration current required to maintain the resistance of the coil 304 at zero 
flow. In order to measure blood pressure and blood flow simultaneously, it 
is necessary to separate the resistance (R) and inductance (2) of the coil 304. 

Several methods may be employed to electrically separate the resistance and 
inductance characteristics of the coil 304. 
25 A first method utilizes a frequency separation circuit as illustrated by 

the block diagram in Figure 16. The frequency separation method takes 
advantage of the impedance equation Z = ^[W^(dT where Z = 
impedance, R - resistance, a) = frequency x 2k, and i = inductance. 
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Accordingly, R may be measured at a low frequency with minimal 
distortion from the reactance component (Q)£ ). In a similar manner, the 
inductance {£) may be measured at a high frequency with little or no 
distortion from the resistance component (R). Having simultaneously 
5 determined the resistance and inductance of the coil 304, the blood pressure 
and flow velocity may be calculated where pressure is linearly 
proportional to inductance (£) and flow velocity is linearly proportional to 

(Hp) 4 - 

Another method of separating the resistance and inductance 

10 characteristics of the coil 304 is to utilize quadrature separation circuitry as 
illustrated by the block diagram in Figure 17. The sensor complex 
impedance is given by R + iaxi showing that the resistance and inductive 
reactance are 90 degrees out of phase. Basically, the resistance R is 
measured at a frequency which is 90 degrees out of phase with the 

15 frequency at which the inductance is measured. This is accomplished by 
mixing the sensor voltage with reference signals which are in phase and 90 
degrees out of phase with the drive signal. As described previously, blood 
pressure and blood flow velocity may then be calculated. 

Yet another method is to utilize computational separation circuitry as 

20 illustrated by the block diagram in Figure 18. The computational separation 
circuitry calculates the pressure (P) recognizing that P « <o£ = 
>/(V//) 2 -(P// 2 )-, where V, I and P are defined in Figure 18. The 
computational separation circuitry calculates the flow velocity (v) 
recognizing that v « (I-I 0 ) 4 - Accordingly, the pressure and flow velocity 

25 may be determined by computing the results of these equations. 

Simultaneous measurements may also be made utilizing a 
commercially available component tester such as Model No. 878 Universal 
LCR Meter available from BK Precision. However, this instrument operates 
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at a lower frequency than the preferred frequency of the present invention 
(500 KHz). 

It may be desirable to determine average or peak flow through a 
given artery or arterial system rather than a specific point within an artery. 
5 One method of accomplishing this is to utilize a flow centering element such 
as a spherical ball or spherical surface located distal of the sensor 302. The 
flow centering element will cause the sensor 302 to be positioned in the 
highest velocity flow point. The highest velocity for laminar flow in a 
circular lumen is in the center of the lumen. Flow velocity measurements 

10 may be made at this point and the average flow, peak flow and flow rate 
may be determined using standard laminar pipe flow equations. 

Another method of determining generalized flow parameters as 
opposed to site specific flow parameters is to calculate coronary flow 
reserve (CFR). CFR is the ratio of peak to resting coronary blood flow 

15 (dimensionless number) and is perceived by some to be a good measure of 
stenosis significance. Peak flow is measured after an injection of a 
pharmacological agent (e.g., papaverine) to relax smooth muscle cells (i.e. 
vessel wall) and resting blood flow is measured immediately before the 
injection. Accordingly, CFR may be measured independent of the precise 

20 position of the sensor 302 as long as the position remains the same during 
each flow measurement. 

It is also contemplated that the sensor 302 may be used to measure 
radial flow which tends to indicate the existence of turbulent flow. 
Turbulent flow has been associated with intralumenal restrictions caused by 

25 such things as a stenosis or a poorly deployed intravascular stent. Radial 
flow may be measured by utilizing a sensor shield (not shown) which 
restricts axial flow across the sensor 302 but permits radial flow across the 
sensor. The sensor shield may, for example, be in the form of a tube 
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surrounding the sensor wherein the tube has a plurality of oppositely-facing 
holes about the circumference of the tube. By way of example, three bands 
of four (4) holes each with a diameter of about 0.008 inches are drilled in the 
wall of the tubular shield. The bands may be spaced 0.10 inches apart and 
the tubular shield may be made of polyimide with an inside diameter of 
about 0.032 inches, an outside diameter of about 0.034 inches and a length 
of about 0.95 inches. The shield tube is placed around the sensor coil 302 
with the ends of the shield tube sealed on either side of the sensor 302 to 
eliminate axial or longitudinal flow. It should be noted that the sensor 
shield tube may also seal the sensor 302 from axial or longitudinal flow by 
other means not specifically mentioned herein. 

It is also contemplated that the sensor shield may have holes around 
only a portion of the circumference of the tube. Having holes on only one 
side of the tube would provide a means to detect rotational flow while 
eliminating longitudinal and transverse flow. It is further contemplated that 
a multiplicity of hole patterns may be configured for a variety of flow 
measurements. For example, holes may be arranged to measure radial or 
transverse flow in a first direction and radial or transverse flow in a second 
direction which is orthogonal to the first direction. The sensor shield may 
also be movable such that axial flow may be measured when the shield is 
retracted and radial or transverse flow may be measured when the shield is 
positioned over the sensor. Accordingly, an entire three-dimensional flow 
pattern may be measured. 

The sensor shield concept may also be utilized with other transducers 
to measure radial flow. For example, the sensor shield may be adapted for 
use with an acoustic sensor as described in commonly-assigned U.S patent 
Application entitled VIBRATION SENSING GUIDE WIRE Serial No. 
08/278, 552, which is specifically incorporated herein by reference. In 
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addition, the sensor shield may be incorporated into the alternative flow 
measurement embodiment described below. 

Alternative Flow Measurement Embodiment 
Refer now to Figure 19 which shows an alternative flow 
5 measurement embodiment in the form of a guide wire 400. This 

embodiment may also be adapted for use on a catheter such as a perfusion 
balloon catheter. The flow measurement guide wire 400 may be used in 
substantially the same way as the flow measurement system described with 
reference to Figures 9-12 while making the necessary accommodations for 

10 the d if f eren t anemometer structure. 

The flow measurement guide wire 400 includes an elongate shaft 401 
comprising a tube 402 having a core wire 406 extending therethrough. The 
tube 402 has a metal film coating on its exterior surface extending from the 
proximal end of the tube 402 to the distal end of the tube 402. The metal 

15 film coating 403 includes an interruption or gap 404 adjacent the distal end 
of the tube 402. The interruption 404 comprises a narrow region where the 
coating thickness is reduced such that the electrical resistance per unit 
length across the interruption 404 is greater than the resistance per unit 
length of the remainder of the metal coating 403. The metal film coating 403 

20 may be electroplated, evaporated, sputtered, or a combination thereof onto 
tube 402. 

A spring tip 405 has a proximal end connected to the distal end of the 
tube 402 and electrically connected to the metal film 403 distal of the 
interruption 404. The distal end of the spring tip 405 is connected to the 
25 distal end of the core wire 406. A continuous electrical path is defined from 
the proximal end of the metal film 403 across the interruption 404 
continuing through the solder 408 to the core wire 406 and continuing to the 
proximal end of the core wire 406. 
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At the proximal end of the shaft 401, an electrical connector 407 is 
mounted on the shaft such that one lead is connected to the core wire 406 
and the other lead is connected to the metal film 403. Electrical connector 
407 is wired to the processing circuitry (Figures 16, 17, 18) and may include 

5 a rotational junction to allow the guide wire 400 to be rotated independently 
of the proccessing circuitry. 

The interruption 404 substitutes the coil anemometer described with 
reference to Figures 9-12. By way of example, not limitation, the metal film 
403 may comprise a thin coating on a polyimide tube 402. The metal film 

10 may be selected from a wide range of conductive metals such as aluminum, 
gold, silver or another metal with a sufficiently large termperature 
coefficient to produce an electrical response to flow. The metal film may 
have a thickness of approximately 10,000 to 400,000 A and the interruption 
may have a film thickness of approximately 100 to 500 A. Given a metal 

15 film 403 thickness of about 20,000 A and an interruption 404 thickness of 
about 100 A, the metal film 403 has a resistance per unit length of 
approximately 0.667 ft per inch and the interruption 404 has a resistance per 
unit length of approximately 250 to 1,000 ft per inch, depending on the 
thickness tolerance. The slot width may, for example, be between 0.02 

20 inches and 0.50 inches (± 10%). 

It is contemplated that the tube 402 may have a gold metal film with 
a thickness on the order of 100,000 to 400,000 A to enhance its radiopaque 
properties. With such a metal film, the distal portion of the shaft 401 would 
appear under fluoroscopy as a dark line (also referred to as a "ghost image") 

25 to assist the treating physician navigate the vasculature and perform the 

desired medical procedure. The film thickness may vary along the length of 
the tube 402 to provide areas of varying radiopacity. Other suitable 
radiopaque materials may be employed. 
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It is also contemplated that the sensor shield described previously 
may be employed to measure discrete components of the blood flow 
pattern. It is further contemplated that a series of sensor regions (i.e., 
interruptions 404) may be used to determine flow patterns along the length 
5 of the vascular lumen. The sensor regions may also utilize sensor shields as 
described previously. The signal from each of the sensor regions would be 
separated using phasic signal separation. Knowing the distance (d) between 
the sensor regions and the time (At) required for a flow pattern to pass from 
one sensor region to another sensor region, an average flow velocity may be 
1 0 calculated by d+At. Thus a continuous, in-vivo calibration of mean flow 
velocity is obtained and may be used to accurately scale the velocity 
waveform. 

The metal film 403 may extend around the entire circumference of the 
tube 402. Alternatively, the metal film 403 may extend around only a 

15 portion of the outer circumference of tube 402. In addition, the interruption 
or gap 404 may extend around either the entire circumference of the tube or 
a portion thereof. Having the metal film 403 cover only a portion of the 
circumference of the tube 402 allows the interruption 404 to be rotated into 
the main flow when the guide wire is pushed against the interior wall of the 

20 vessel. 

The tube 402 may be made of polyimide with a length of about 60 
inches, an outside diameter of about 0.008 to 0.018 inches and a wall 
thickness of about 0.0005 to 0.002 inches. The core wire 406 may be made of 
304v stainless steel with a length of about 60 inches and a proximal diameter 
25 of about 0.006 to 0.015 inches tapering to about 0.002 to 0.005 inches distally. 
The distal extremity of the core wire 406 may be stamped into the shape of a 
ribbon to provide additional flexibility and shapability. The spring tip may 
be made of conventional materials. Electrical connections may be made by 
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soldering or welding and other connections may be formed utilizing a 
medical grade adhesive. 

The shaft 401 may include a hypotube proximal section and a 
polymer tube distal section. This would provide additional pushability for 
5 advancing the catheter into the vasculature. In addition, this would reduce 
the area of metal film exposed to damaging abrasion. The hypotube must 
be insulated from the corewire 406 and electrically connected to the metal 
film 403. 

While this invention has been shown and described in connection 
10 with the preferred embodiments, it is apparent that certain changes and 

modifications, in addition to those mentioned above, may be made from the 
basic features of the present invention. Accordingly, it is the intention of the 
Applicant to protect all variations and modifications within the true spirit 
and valid scope of the present invention. 
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WHAT jS CLAIMED IS: 

1. An intravascular device for measuring blood pressure and flow, 

comprising: 

a. an elongate shaft having a proximal end and a distal end, the 
distal end of the elongate shaft adapted to be inserted into the 
vasculature of a patient; 

b. a pressure transducer connected to the distal end of the 
elongate shaft; and 

c. a flow transducer connected to the distal end of the elongate 
shaft. 

2. An intravascular device for measuring blood pressure and flow as in 

claim 1, wherein the pressure transducer includes a column of 
ferrofluid which moves in response to changes in intravascular blood 
pressure 

3. An intravascular device for measuring blood pressure and flow as in 

claim 2, wherein the pressure transducer includes an electrically 
conductive coil surrounding the ferrofluid. 

4. An intravascular device for measuring blood pressure and flow as in 

claim 3, wherein the coil is electrically coupled to an external 
measurement circuit 

5. An intravascular device for measuring blood pressure and flow as in 

claim 4, wherein the measurement circuit measures inductance of the 
coil as the ferrofluid moves in response to changes in intravascular 
blood pressure. 

6. An intravascular device for measuring blood pressure and flow as in 

claim 5, wherein the coil is supplied with an electrical current to heat 
the coil to a temperature above body temperature. 

7. An intravascular device for measuring blood pressure and flow as in 

claim 6, wherein the measurement circuit measures resistance of the 
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coil as the resistance of the coil changes in response to intravascular 
blood flow. 

8. An intravascular device for measuring blood pressure and flow as in 

claim 7, wherein the measurement circuit measures resistance and 
inductance simultaneously. 

9. An intravascular device for measuring blood pressure and flow as in 

claim 8 wherein the measurement circuit utilizes frequency 
separation to measure resistance and inductance simultaneously. 

10. An intravascular device for measuring blood pressure and flow as in 

claim 8 wherein the measurement circuit utilizes phasic separation to 
measure resistance and inductance simultaneously. 

11. An intravascular device for measuring blood pressure and flow as in 

claim 8 wherein the measurement circuit utilizes computational 
analysis to measure resistance and inductance simultaneously. 

12. An intravascular device for measuring blood pressure and flow as in 

claim 1 wherein the pressure transducer and the flow transducer 
share an electrically conductive coil surrounding a chamber 
containing a ferrofluid, the coil having electrical characteristics which 
change in response to changes in blood pressure and flow. 

13. An intravascular device for measuring blood pressure and flow as in 

claim 12 wherein the electrical characteristics include resistance and 
inductance, the resistance of the coil changing in proportion to blood 
flow and the inductance of the coil changing in proportion to blood 
pressure. 

14. An intravascular device for measuring blood pressure and flow as in 

claim 13 wherein the coil is electrically connected to a measurement 
circuit which electrically separates the electrical characteristics of the 
coil. 
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15* An intravascular device for measuring blood pressure and flow as in 
claim 14 wherein the measurement circuit electrically separates the 
resistance and the inductance of the coil 

16. An intravascular device for measuring blood pressure and flow as in 

claim 12 wherein the electrical characteristics include inductance and 
current draw required to maintain constant resistance, the inductance 
of the coil changing in proportion to blood pressure and the current 
draw of the coil changing in relation to blood flow. 

17. An intravascular device for measuring blood pressure and flow as in 

claim 16 wherein the coil is electrically connected to a measurement 
circuit which electrically separates the electrical characteristics of the 
coil. 

18. An intravascular device for measuring blood pressure and flow as in 

claim 17 wherein the measurement circuit electrically separates the 
current draw and the inductance of the coil. 

19. An intravascular device for measuring blood pressure and flow, 

comprising: 

a. an elongate shaft having a proximal end and a distal end, the 
distal end of the elongate shaft adapted to be inserted into the 
vasculature of a patient; and 

b. an electrically conductive coil comprising a pressure 
transducer and a flow transducer, the electrically conductive 
coil surrounding a chamber containing a ferrofluid, the coil 
having electrical characteristics which change in response to 
changes in blood pressure and flow. 

20. An intravascular device for measuring blood pressure and flow as in 

claim 19 wherein the electrical characteristics include resistance or 
current draw and inductance, the resistance or current draw of the 
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coil changing in proportion to blood flow and the inductance of the 
coil changing in proportion to blood pressure. 

21. An intravascular device for measuring blood pressure and flow, 

comprising: 

a. an elongate shaft having a proximal end and a distal end, the 
distal end of the elongate shaft adapted to be inserted into the 
vasculature of a patient; 

b. a ferrofluid-type pressure transducer connected to the distal 
end of the elongate shaft; and 

c. an anemometer-type flow transducer connected to the distal 
end of the elongate shaft. 

22. An intravascular device for measuring blood pressure and flow as in 

claim 21 wherein the measurement circuit utilizes frequency 
separation to measure resistance and inductance simultaneously. 

23. An intravascular device for measuring blood pressure and flow as in 

claim 21 wherein the measurement circuit utilizes phasic separation 
to measure resistance and inductance simultaneously. 

24. An intravascular device for measuring blood pressure and flow as in 

claim 21 wherein the measurement circuit utilizes computational 
analvsis to measure resistance and inductance simultaneously. 

25. A medical device for measuring blood flow in a vascular lumen, 

comprising: 

a. an elongate shaft having a proximal end and a distal end; 

b. a first electrical path extending from the proximal end of the 
elongate shaft to the distal end of the elongate shaft, the 
electrical path including an interruption adjacent to and 
proximal of the distal end of the shaft, the interruption having 
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a resistance per unit length greater than the resistance per unit 
length of the remainder of the electrical path; and 
c. a second electrical path extending from the proximal end of 
the elongate shaft to the distal end of the elongate shaft, the 
second electrical path electrically connected to the first 
electrical path distal of the interruption. 

26. A medical device for measuring blood flow in a vascular lumen as in 

claim 25 wherein the elongate shaft includes a tube and the first 
electrical path is a thin metal film disposed on the tube. 

27. A medical device for measuring blood flow in a vascular lumen as in 

claim 26 wherein the second electrical path is a corewire extending 
inside the tube. 

28. A medical device for measuring blood flow in a vascular lumen as in 

claim 26 wherein the metal film is about 10,000 to 400,000 A thick and 
the interruption is about 100 to 500 A thick. 

29. A medical device for measuring blood flow in a vascular lumen as in 

claim 28 wherein the interruption is about 0,02 to 0.50 inches wide. 

30. A medical device for measuring blood flow in a vascular lumen as in 

claim 26 wherein the tube is made of a thin-walled polymer and the 
metal film is coated on the tube. 

31. A medical device for measuring blood flow in a vascular lumen as in 

claim 30 wherein the film is made of a radiopaque material with a 
thickness between about 100,000 to 400,000 A to be radioscopically 
visible. 

32. A medical device for measuring blood flow in a vascular lumen as in 

claim 31 wherein the film thichness varies between about 100,000 and 
400,000 A to provide areas of varying radiopacity. 
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33. A medical device for measuring blood flow in a vascular lumen as in 

claim 32 wherein a portion of the metal film is disposed over the 
entire circumferential surface of the tube. 

34. A medical device for measuring blood flow in a vascular lumen as in 

claim 32 wherein a portion of the metal film is disposed over a 
portion of the circumferential surface of the tube. 

35. A medical device for detecting turbulent blood flow, the device 

comprising a sensor having a proximal end, a distal end and a 
longitudinal axis; and a sensor shield which surrounds the sensor to 
eliminate blood flow which is essentially parallel to the longitudinal 
axis of the sensor, while allowing detection of radial blood flow. 

36. A medical device for detecting turbulent blood flow as in claim 35, 

wherein the sensor shield comprises a tube having radially spaced 
holes, the tube having a proximal end sealed to the proximal end of 
the sensor. 

37. A medical device for detecting turbulent blood flow as in claim 36, 

wherein the tube has a distal end sealed to the distal end of the 
sensor. 
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